Understanding the size-dependent electronic,structural and chemical properties of metal clusters on oxide supports is an important aspect of heterogeneous catalysis.
Introduction
Understanding the electronic structure of metal clusters supported on solid substrates is fundamental to heterogeneous catalysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and microelectronics [19, 20] . Accordingly the size-dependent electronic structure, morphology, thermal stability, metal support interaction and chemical reactivity of metal clusters have been studied extensively . These studies have shown that the energy and peak width for the core-levels and valence bands of metal clusters varies with cluster size. These changes have been interpreted in terms of initial-and/or final-state effects arising from differences in the charge density and core-hole screening of bulk metal atoms and atoms within small metal clusters. Reducing the size of a metal cluster to a diameter (near the nm regime) comparable to the de Broglie wavelength (λ = h/ p, where h = Planck s constant and p = momentum) of an electron can dramatically change the physical properties of the cluster. These changes have been referred to as 'quantum size effects' since the properties of these 'nano-particles' can be best described using quantum mechanics. Thus for small clusters the metallic properties are attenuated and the electronic structure of the small cluster approaches that of an isolated atom. X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), metastable impact electron spectroscopy (MIES), work function measurements, Auger electron spectroscopy (AES), temperature-programmed desorption (TPD) and scanning tunnelling microscopy/spectroscopy (STM/STS) have been used to follow this size-dependent electronic structure. STM-STS data have shown [16] that a metal-nonmetal transition occurs with a decrease in cluster size. STM has been particularly useful in studying the changes in catalytic reactivity of these supported model systems with respect to cluster morphology, temperature and pressure .
In the bulk form, Au is chemically inert relative to other Pt group metals, e.g., corrosion and oxidation resistance, high ductility and malleability, and a very high electronegativity (comparable with selenium). With respect to electronegativity, gold is known to exist in a stable formal oxidation state of −1 in CsAu. Recently Haruta and co-workers [74] [75] [76] [77] [78] [79] [80] have shown that Au clusters, deposited as finely dispersed, small clusters (<5 nm diameter) on reducible metal oxides like TiO 2 , Fe 2 O 3 and Co 3 O 4 , exhibit catalytic activity for a wide array of industrially important reactions; i.e., CO oxidation at sub-ambient temperatures (<200 K), preferential oxidation of CO in the presence of excess hydrogen, hydrogenation, NO x reduction, partial oxidation of hydrocarbons and selective oxidation of higher alkenes. This unusual catalytic activity has been shown to depend markedly on the Au cluster size.
In general, bulk metal oxides of typical catalytic supports are wide bandgap materials and therefore present formidable charging problems making them unsuitable candidates for electron spectroscopic and STM measurements. However, these difficulties have been circumvented in our laboratories by synthesizing well ordered, ultra-thin oxide films on refractory metal substrates [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] . These films are thin enough (<5 nm) to prevent charging, yet thick enough to exhibit electronic and chemical properties comparable to the corresponding bulk oxide.
In this review recent work, where metal clusters have been synthesized on thin film oxide supports, is highlighted. In particular, the effect of Pd cluster size on acetylene cyclotrimerization and the CO + NO reaction, as well as Au cluster size on CO oxidation, is discussed. The ultimate goal of these studies is to establish a definitive correlation among cluster size, cluster electronic properties and cluster chemical/catalytic properties.
Experimental details
TiO 2 (110) single crystals (Princeton Scientific) become sufficiently conductive for STM and electron spectroscopic measurements after cycles of Ar + sputtering and annealing to 700-1000 K, and, therefore, have been used directly as supports for model catalyst preparation. A typical TiO 2 (110) surface obtained after such a preparation procedure is shown in figure 1(a) (50 nm × 50 nm). An atomically resolved (6 nm × 6 nm) image of the same surface is shown in figure 1(b) . After calibration of the scanner using a graphite (HOPG) sample, the distances between adjacent atoms along the [001] and [110] directions were measured to be 0.3 and 0.65 nm, respectively, in excellent agreement with the unit cell of the (1 × 1) TiO 2 (110) surface [58, 64] . We have also been able to prepare high quality, well ordered TiO 2 (110) ultra-thin films on a Mo(110) substrate [98] . For nonreducible and wide bandgap oxides like SiO 2 , MgO and Al 2 O 3 , the preparation of well ordered, ultra-thin films on refractory metals is crucial to these studies, particularly for electron spectroscopy and STM. Since optimizing conditions for such preparations is demanding, these procedures will be discussed in detail separately. Metal depositions were typically carried out by resistive evaporation of a high purity metal wire wrapped around a W filament in ultrahigh vacuum. By controlling the filament current, the doser-to-substrate distance and the substrate temperature, fine control can be achieved with respect to cluster size and density. Four different UHV chambers equipped with XPS, AES, high resolution electron energy loss spectroscopy (HREELS), low energy electron diffraction (LEED), STM (RHK Tech. and Omicron) and ion-scattering spectroscopy (ISS) were used for these studies [10, 58, 70, 74] .
Preparation and characterization of ultra-thin ordered films
Bulk alumina is a wide bandgap (8.7 eV) material; therefore, to enhance the conductivity we have prepared ultra-thin ordered Al 2 O 3 0.5-3 nm thick on Re(0001), Ta (110) and Mo(110) by vapour depositing Al at 300 K and 1 × 10 −5 mbar O 2 pressure [95] [96] [97] [98] [99] . Generally the film grows two dimensionally initially then three dimensionally at higher coverages. A typical STM picture of the of the film at an early growth stage (0.35 MLE) on Re(0001) is shown in figure 2(a) indicating laterally uniform two-dimensional island growth. As the film continues to grow in a layer-by-layer fashion, the exposed Re surface is covered relatively quickly ( figure 2(b) ). The two-dimensional growth is also in agreement with previous studies of Madey and coworkers [99] using LEIS. The best quality flat films were obtained at coverages near 2 MLE. In figure 2(c), an STM image of a 2.2 MLE film is shown showing flat, ordered growth. However, STM data show that the films become more irregular at higher coverages although LEED data indicate long range order. An AES spectrum of a 2.0 nm film has a prominent Al 3+ (LVV) feature at ∼45 eV and an O (KLL) feature at ∼500 eV. The absence of a peak at 68 eV, characteristic of Al 0 , indicates that the film is fully oxidized. Features attributable to the Mo(110) substrate can be seen in the 100-250 eV region. The thicknesses of the oxide films were estimated from the attenuation of the AES intensity ratio of the Al 3+ (LVV) feature relative to the Mo(MNN) feature. XPS analysis (O 1s, Al2s and Al 2p) confirmed that the Al 2 O 3 films grow stoichiometrically.
Stoichiometric Al 2 O 3 films are also consistent with high resolution electron energy loss (HREELS) data [96] . The fundamental modes of the surface optical phonons are located below 1000 cm −1 . The thick films are characterized by three fundamental modes at 370, 640 and 875 cm −1 , while the thin films are characterized by two fundamental modes at 590 and 860 cm −1 . The energies of the three modes for the thick films agree well with previously reported vibrational data for Al 2 O 3 [100] [101] [102] [103] while the data for a 0.44 nm film are consistent with those reported by Frederick et al for Al 2 O 3 [104, 105] .
There are two additional methods for preparing ultra-thin, well ordered Al 2 O 3 films:
(i) oxidizing single crystals of Al [106, 107] and (ii) oxidizing AlNi [108, 109] or Ni 3 Al [110] [111] [112] single crystals.
Method (ii) has received considerable attention because of the superior quality of films obtained with this method.
SiO 2
Extremely high quality ultra-thin, flat and ordered SiO 2 films have been grown by sequential deposition of 0.5 MLE of Si at 300 K followed by oxidation at 800 K in 1 × 10 −7 mbar of O 2 (5 min). This process was repeated several times depending upon the desired film thickness. Finally the film was annealed at 1100-1200 K in 1 × 10 −7 mbar O 2 for 30 min. The thickness of the SiO 2 films was estimated from the relative attenuation of the Mo substrate AES intensity [88, 93] . Typically the optimum deposition rates were found to be near 12 min/MLE. These films (>0.8 nm thick) were very stable up to 1200-1300 K (since no loss of either Si or oxygen was detected with AES). The stoichiometry of the films was confirmed by the absence of Si-or SiO-related features in AES and XPS [90] .
As reported by Freund and co-workers [113] and in a recent report from our laboratory [94] , the films prepared by sequential deposition indeed grow flat and epitaxial. In figure 3 , STM images of the SiO 2 films at 0.8 nm are shown. The inset at the top right of this figure shows an STS acquired for a film of ∼0.8 nm thickness showing a bandgap greater than 8 eV (bulk SiO 2 has a bandgap of 8.9 eV). The corresponding LEED pattern acquired for this film is presented in the inset at the top left, and shows a sharp hexagonal pattern indicative of long range order. This STM image indeed reveals that the film is extremely flat and well ordered [114] . A 'bulklike' bandgap and a sharp hexagonal LEED pattern not only indicate that the film is extremely suitable for model studies but also prove that these films are structurally and electronically similar to bulk SiO 2 . Very recently, single-crystalline SiO 2 films have also been prepared on Ni(111) [115] . Oxidation of Si (111) to SiO 2 has also been attempted by a number of groups [116] [117] [118] .
MgO
Several efforts to prepare well ordered MgO films have been made using single crystals of Ag [119, 121] , Fe [122] and Mo [82] [83] [84] [85] [86] 120] . SPA-LEED analysis of the films grown on the first two substrates showed the growth mode to be of mosaic type. However, very high quality well ordered MgO(100) films were prepared on Mo(100) by co-depositing Mg (12 min/MLE) and oxygen (1 × 10 −6 mbar) at 600 K followed by annealing in vacuum at 1100 K. Using this method extremely sharp (1 × 1) LEED patterns were obtained on films >15 MLE. However, due to insufficient tunnelling, STM imaging of these films was not possible. Unlike SiO 2 or Al 2 O 3 , as discussed earlier in the text, these films initially grow as islands. However, appropriate annealing of >15 MLE thick films (prepared at 600 K) led to crystalline films with a sharp (1 × 1) LEED pattern. UPS investigations from our laboratory revealed that such films are 'bulklike' and have a bandgap structure very close to the bulk material; AES and XPS reveal that these films are stoichiometric. The bulklike chemical nature of these films was also confirmed using water and NO as probe molecules. In line with the results on single-crystal MgO(100), formation of N 2 O via a (NO) 2 intermediate has also been detected on these high quality MgO films using IRAS and has been interpreted to arise from the presence of large, flat terraces with a low concentration of point defects [87] .
Electronic structure and morphology

Electron spectroscopy
Electron spectroscopies, particularly photoemission (XPS and UPS), have been extensively used to study the electronic structure of small metal clusters deposited on well characterized model supports [7, . XPS has been used to monitor the changes in the core-level binding energy with respect to the bulk metal ( E c = E c (cluster) − E c (bulk)). UPS has been used to investigate the valence band region as well as changes in the work function of the system as a function of cluster size. The core-level binding energy generally decreases and the splitting or width of the valence band increases with an increase in cluster size, ultimately reaching the bulk value. The difference between the core-level binding energy of the bulk metal and the smallest clusters ( E c ) has been observed to vary from substrate to substrate mainly depending upon the conducting nature of the support. These general trends have often been noted; however, their origins remain controversial. The simplest expression for the core-level binding energy is E c = E f inal (after photoemission) −E initial (before photoemission) and therefore is largely determined by the differences in the electronic charge densities of the initial and final states of the system. Final state effects, or changes in E f inal , can arise due to differences in the screening of the core hole created after photoemission. For a solid, it is convenient to separate the total screening into contributions from intra-atomic and extra-atomic screening. Intraatomic screening mainly depends on the element; however, extra-atomic screening depends on the surrounding environment, i.e. co-ordination number, ligand attached and substrate. For example, for a cluster, due to its finite dimensions, changes in the extra-atomic screening become very important; a reduction in the extra-atomic screening compared to that in the bulk metal can lead to an increase in the core-level binding energy. Initial state contributions are due to differences in charge density before photoemission and may arise from a variety of factors such as (i) changes in the electronic structure of the clusters with respect to the bulk metal;
(ii) changes in chemical environment at the interface; (iii) surface core-level shift and (iv) defect-induced metal-substrate interactions. (110) [56] . A similar plot on amorphous graphite is shown in figure 5 . In general, the Au 4f 7/2 binding energy with respect to the bulk metal (84.0 eV) decreases with an increase in cluster size, finally converging to the bulk value at large cluster sizes. It should be noted that the largest shifts ( E c ) observed on three different substrates are 0.55, 0.8 and 1.6 eV for graphite, TiO 2 (110) and SiO 2 , respectively. Such differences have been explained as due to the relative abilities of these substrates to screen the core hole after photoemission, i.e., a final-state contribution. Graphite, the most conductive among the three, screens best and produces the least shift in the core-level binding energy. In general there is an increase in the FWHM of the core-level XP spectra with a decrease in the average cluster size, which probably relates to the unavoidable distribution of cluster sizes. Figure 5 shows how the Au 5d splitting, Au 4f 7/2 binding energy and Au E F change with a change in cluster size on an amorphous graphite substrate. Wertheim and co-workers [21] [22] [23] [24] [25] [26] [27] [28] [29] have explained such changes as due to the poor conductivity of the substrate leading to an unscreened positive charge after photoemission. However, an increase in the Au E F could also be due to a metal-nonmetal transition as the cluster size decreases; this possibility will be discussed further in the next section. A decrease in the Au 5d splitting with a decrease in cluster size could be due to a decrease in the coordination number as shown by Mason and co-workers [30] [31] [32] [33] [34] [35] , taking the Au-Cd alloy system as an example. Dicenzo and coworkers [44] have shown how the binding energy of the Au 4f 7/2 level changes with the mean co-ordination number of small clusters (figure 6). If one assumes that the unscreened charge considered by Wertheim and co-workers [21] [22] [23] [24] [25] [26] [27] [28] [29] is the only factor responsible for the changes in binding energy, then the dashed line of figure 6 follows. The dashed line considers only the effect of the coulombic term, e 2 /2R, where R is the radius of the cluster [44] . Deviation of the experimental points from the expected dashed line clearly indicates that effects other than coulombic ones contribute.
Ultraviolet photoemission (valence band) spectra with increasing Pd coverage on Al 2 O 3 /Re(0001) substrate have been measured [36] and are shown in figure 7 . A gradual evolution of metallic valence bands with increasing cluster size is a manifestation of the increasing density of states near the Fermi level and the appearance of dispersing bands parallel and perpendicular to the substrate. The latter has been attributed to the formation of crystallites with a preferred orientation. The appearance of dispersion may also be used to define the boundary between a metallic and nonmetallic state of the clusters. In the data presented, this transition appears to take place at an average cluster size of ∼2.5 nm. 
Scanning tunnelling microscopy
The growth and morphology of metal clusters has been studied extensively with STM; however, tunnelling characteristics sufficient for imaging have limited these studies to oxides with relatively low bandgaps (<2-3 eV). Catalytically important wide bandgap supports such as MgO, SiO 2 or Al 2 O 3 in their bulk forms are not suitable for STM studies; TiO 2 , for which the reduced form is suitably conductive, has been thoroughly studied. In our laboratory, to circumvent the tunnelling difficulties of bulk insulators, well ordered flat ultra-thin oxide films have been prepared on refractory metal substrates as described earlier in this article. These ultra-thin films are not only conductive enough for STM measurements but have been shown to have the structural and chemical properties of their bulk counterparts.
Cluster growth as a function of metal coverage.
Several simple models for the growth morphologies have been proposed for metal clusters deposited on various substrates. These models generally assume that the substrate contains randomly distributed nucleation sites and that the metal cluster size depends on the distribution of these fixed nucleation sites and the amount of metal deposited. For amorphous carbon substrates the number of nucleation sites is large. Egelhoff and Tibbetts [41] proposed that on substrates with an abundance of nucleation sites deposition initially yields isolated adatoms. These isolated adatoms, in turn, diffuse randomly on the substrate, eventually coalescing with another adatom or adatom clusters. Since the nucleation sites are randomly distributed and the diffusion itself is a random phenomenon, the result is a distribution of cluster sizes at each metal coverage.
The growth of Au clusters on TiO 2 (110) has been investigated in detail by STM and STS. The constant current STM micrographs in figure 8 show [12] how the size/shape and number density of the clusters change with respect to the quantity of Au deposited. At relatively low coverages (0.1 MLE) of Au, hemispherical three-dimensional clusters with diameters of 2-3 nm and heights of 1-1.5 nm are observed to decorate preferentially along the step edges. Well dispersed quasi-two-dimensional clusters, having a height of 0.3-0.6 nm and a diameter of 0.5-1.5 nm, can be seen on the large terraces. With increasing Au coverage, the clusters grow larger with little increase in cluster density. However, even at 4.0 MLE, some portions of the TiO 2 substrate are still visible. The average diameter and number density of the clusters increase simultaneously with an increase in metal coverage until at a certain stage (as long as there is sufficient room on the surface to separate them) metal size increases at the expense of the number density. In other words, the number density of the clusters goes through a maximum [123] . 
Growth morphology versus metal-support interaction.
As discussed in the previous section, for flat, well ordered surfaces, in particular, the number of nucleation sites is relatively small, therefore the cluster size distribution is expected to be a function of the diffusion barrier depending critically on the metal-support interaction. Therefore, a surface with a relatively large metal-support interaction typically is expected to yield smaller clusters with high number densities while large clusters with low number densities are expected on surfaces with a relatively weak metal-support interaction. Since the metal adatom diffusion barrier is critically dependent on the surface temperature, increasing the surface temperature should enhance the rate of cluster sintering. In order to investigate the relative differences in the growth mode of Ag metal we have prepared a p(1 × 3)-O reconstructed surface as well as epitaxial MoO 2 films [129] . A typical p(1 × 3)-O reconstructed surface (consisting of well ordered terraces and steps) is shown in the large area (200 nm × 200 nm) STM image of figure 9(a). Deposition of 1.6 MLE of Ag at room temperature yielded relatively large (∼5.5 nm) three-dimensional clusters (figure 9(b)) with a lower number density than that observed for Co on Mo(110) [130] . Annealing this surface at 750 K for 2 min led to sintering (figure 9(c)) and movement of the clusters to the step edges.
In a second set of experiments, a surface with adjacent MoO 2 and Mo(112) domains was prepared by vacuum annealing a p(1 × 2)-O reconstructed surface at 1400 K. The large area (300 nm × 300 nm) STM micrograph of figure 10(a) shows the simultaneous existence of two distinctly different types of surface region. The magnified STM image (100 nm × 100 nm) of figure 10(b) shows that the domains of the type labelled as '1' consist of islands of thin layer MoO 2 on a Mo(112) surface and the domains of the type labelled as '2' consist essentially of clean Mo (112) . The STM of figure 10(c), acquired after deposition of 1.6 MLE of Ag at room temperature onto the surface of figure 10(a), shows that Ag clusters grow very uniformly, with smaller size (∼3 nm) and with a higher number density relative to that of figure 9(b). This not only indicates that the surface has a higher average metal-support interaction compared to the oxygen pre-adsorbed surface ( figure 9(b) ) but also suggests that the two different regions (1 and 2) behave similarly with respect to the nucleation and growth of Ag clusters at this stage. A similar growth mode on the two regions could be due to the following factors:
(a) similar metal-support interaction strengths and/or (b) sufficiently large metal-support interactions at room temperature that the clusters undergo very little surface diffusion.
To check for the relative contribution of (b), the surface temperature was increased by increments in order to increase the rate of cluster surface diffusion. In figure 10 figure 11 (c). The STM image shows two distinctly different regions with variations in the cluster-size distribution due to the variation of the strength of the metal-support interaction. As expected, on the thicker oxide domains the average cluster size is larger (∼4.5 nm) with a lower number density, while on the relative thin oxide domains the cluster size is relatively small (∼3 nm) with a relatively high number density. This is consistent with the results of figure 10(c) that show that, at room temperature, the cluster size and shape on bare Mo(112) and domains of a thin oxide layer of MoO 2 are indistinguishable. As anticipated, the thinner oxide layers, because of geometrical strain due to lattice mismatch with the substrate, have a higher surface free energy compared with the thicker layers and thus interact more strongly with adsorbed metal clusters. Very recently, Bowker and co-workers [131] [132] [133] [134] [135] have proposed a strong metal-support interaction for the Pd/TiO 2 (110) system including reverse spill-over of TiO x onto Pd particles after annealing at higher temperatures.
Sintering of metal clusters.
An increase in the average size of metal clusters has been observed either with an increase in substrate temperature or an increase in ambient pressure. Sintering has been used as a key reason for deactivation of supported catalysts in many industrially important reactions. However, the details of sintering and regeneration of catalysts are still unclear. There are two generally accepted pathways to sintering: (i) atom migration (also known as Ostwald ripening), and (ii) entire cluster migration. Figure 12 shows typical STM images of Ag particles on a SiO 2 /Mo(112) substrate after deposition at room temperature and annealing at 700 K in UHV [72] . It is apparent from these two images that there is an overall increase in the average cluster size with a decrease in the number density as a result of annealing. Figure 13 shows STM images of Ag clusters on TiO 2 as deposited and subsequent to exposure to an elevated pressure of reactant gas [60] . A detailed quantitative analysis of the average cluster size revealed a transformation from mono-to bi modal distribution with respect to increase in the ambient gas pressure and therefore has been understood as due to the Ostwald ripening. However, from these experiments it is not possible to comment on the relative contribution from the cluster migration route. A similar behaviour has also been noticed for Au/TiO 2 [60] and Pd/TiO 2 [64] systems.
In situ scanning tunnelling microscopy
In the previous section an overview was presented showing the general growth behaviour of metal clusters on oxide supports. However, the inherent difficulty of imaging the same cluster(s) throughout the experimental procedure remains an important challenge. Only recently has this been carried out by the novel use of an in situ STM tip-shadowing technique. Using this methodology, the behaviour of an identical set of clusters has been monitored with varying experimental conditions such as (i) changes in ambient pressure and exposure time, (ii) changes in substrate temperature, (iii) change in cluster size with an increase in metal coverage and (iv) growth of dissimilar metal clusters in the presence of clusters from a second metal.
The typical setup of the shadowing technique methodology is described in detail elsewhere [123] . In brief, metal dosing is carried out while the STM tip is in the tunnelling position using a specially designed metal doser. This method creates a shadow of the tip on the substrate as shown in figure 14 . Using the tip shadow as a 'marker' it is possible to locate the same set of clusters at various times during the experimental procedure. Growth of Au clusters on a TiO 2 (110) substrate has been monitored on a cluster-by-cluster basis using this technique. Generally the cluster size and the number density of the clusters increase with the increase in Au coverage. Importantly, the clusters grow quickly at the onset of deposition and reach ∼90% of their saturation value at 0.2 MLE coverage [123] . Using this technique it also possible to follow the thermal sintering process on a cluster-bycluster basis and distinguish between Ostwald ripening (atom diffusion) and cluster diffusion. However, due to the thermal drift of the STM tip, such experiments are extremely difficult and efforts to perfect the approach are currently in progress. Figures 15(a) and (b) show STM images of a Au/TiO 2 (110) surface at room temperature and after a 30 min anneal at 950 K. It is noteworthy that apart from a general increase in the size of the clusters, there is clear evidence for some of the smaller clusters diffusing up to 5 nm [123] . Similar observations have been made recently by Egdell and co-workers [136] for the Au/TiO 2 (110) system. However, only an Ostwald ripening mechanism is apparent for Pd/TiO 2 (110) [137] . Very recently, with in situ AFM, thermal diffusion and sintering phenomena of metal clusters have been studied on MgO(100) single crystals by Yang and Perry [138] . Their results for Cu/MgO(100) suggest a general increase in Cu islands with increasing surface temperature accompanied by decay, diffusion and coalescences of the islands. These results are in excellent agreement with those obtained on our model catalysts using ultra-thin oxide films.
It is relatively easy to perform in situ experiments by changing the ambient pressure. A study of Au/TiO 2 (110) under elevated oxygen pressure (4 mbar) showed that Au clusters smaller than ∼4 nm are very unstable to sintering at 450 K. Oxygen at elevated pressures possibly weakens the Au-TiO 2 (metal-support) interaction leading to facile sintering [70] . Figure 16 shows Au clusters subjected to elevated pressures (up to 665 Pa) of CO and O 2 at 450 K [69] . Analysis shows that the size distribution of Au clusters changes to bimodal, peaking at ∼1 and 4 nm, respectively. A majority of the larger clusters increases by ∼25% in volume while the smaller clusters decrease in size or vanish.
More recently the growth and morphology of bimetallic clusters has been examined. For example, the growth of Au clusters in the presence of Ag clusters has been studied [123, 139] . These experiments were carried out to understand the effect of the initial metal clusters on the growth mode of the second metal, including the formation of a binary alloy. Even though the resulting particles consist of Au and Ag (as evidenced from the increase in size of the Ag particles after Au deposition), it cannot be confirmed that alloying occurs. Further studies in combination with other techniques are necessary to understand the details of this unusual behaviour.
Scanning tunnelling spectroscopy
To understand how the electronic structure of metal clusters changes with a change in cluster size, STS investigations have been carried out on Au clusters deposited on a TiO 2 (110) substrate. A constant current STM micrograph of 0.25 ML Au deposited onto single-crystal TiO 2 (110)-(1 × 1) is shown in figure 18 (a) [12, 16] . The deposition was carried out at 300 K followed by annealing to 850 K for 2 min. In the STM image ( figure 18(a) ) the Ti cations are visible; however, the O 2− anions are not. The inter-atomic distance between the [001] rows is ∼0.65 nm. Three-dimensional Au clusters, imaged as bright protrusions, have average diameters of ∼2.6 nm and heights of ∼0.7 nm (corresponding to two to three atoms thick) and are preferentially nucleated at the step edges. Quasi-two-dimensional clusters are characterized by heights of one to two atomic layers. Figure 18 (b) shows STS data acquired for various clusters where the tunnelling current (I ) as a function of bias voltage (V ) is measured. The extent of the plateau at zero tunnelling current is a measure of the bandgap (along the bias voltage axis). The electronic character of these clusters is expected to vary between that of a metal and a nonmetal depending on their size. With an increase in size, clusters gradually adopt the metallic character with an enhanced density of states at the Fermi level, consistent with the UPS data of figure 7. Note that the cluster 2.5 nm × 0.7 nm in size has a larger bandgap than a 5.0 nm × 2.5 nm cluster. Smaller clusters have a nonmetallic character resulting in a significant bandgap and a reduced density of states near the Fermi level. A similar metal-nonmetal transition with respect to cluster size has also been observed for Fe clusters deposited on GaAs(110) [140] . That the very small clusters are nonmetallic could be responsible for the observed changes in the electronic and chemical properties, discussed in the following sections.
Transmission electron microscopy
Transmission electron microscopy (TEM) is one of the oldest and most popular techniques for the characterization of catalysts [141] ; however, TEM has limited resolution (∼0.2 nm) and is limited with respect to reactant environments. Poppa and co-workers [142, 143] carried out measurements on Ag/(mica or molybdenite) and Pd/MgO systems under in situ conditions. Recently, informative in situ TEM measurements have been reported by Goyhenex and Henry [144] on the Pd/MgO(100) system. An impressive TEM image of 20 MLE Pd deposited on a UHV-cleaved single crystal of MgO (100) is shown in figure 19 . The average particle size is ∼60 nm with various thermodynamically stable cluster shapes displayed. Careful Pd-coverage- dependent studies using surface electron energy-loss fine structure spectroscopy (SEELFS) above the Pd N 23 edge have shown that the average lattice parameter of the deposited clusters increases with a decrease in cluster size. Freund and co-workers [145, 146] have recently carried out TEM investigations on Pt and Ta clusters on an Al 2 O 3 /NiAl(110) substrate and have correlated the average lattice parameter with cluster size. In the case of Pt particles a contraction of ∼10% in lattice parameter is noted when the particle size is reduced from 3 to 1 nm while only ∼4.5% contraction has been observed for Ta. This change in lattice parameter with particle size has been attributed to several factors: (i) surface stress, (ii) pseudomorphism and (iii) a change in the average atomic co-ordination number. In any case, a significant role of the lattice parameter is expected on the electronic and chemical properties of metal particles compared with their bulk analogue.
Temperature-programmed desorption and microcalorimetry
To understand the diffusion of atoms/particles on a substrate, it is very important to obtain information about the interaction between the substrate and the metal atoms/clusters. TPD has been used to measure sublimation energies for several metal/oxide systems. Figures 20(a)-(c) show families of TPD spectra for Cu/Al 2 O 3 [54] , Au/SiO 2 [56] and Au/TiO 2 [66] systems. For the first two cases (figures 20(a) and (b) ), the leading edge of the data are observed to increase continuously with metal coverage. The width of the TPD curve is a measure of the distribution of cluster diameters and heights. That is, an increase in the width of the desorption curve with an increase in metal coverage is evidence for an increase in the cluster size distribution. The lower desorption temperature peak maximum at low coverage arises because the substratemetal interaction is less than the metal-metal interaction in the bulk metal. This also confirms that the thermally induced sintering is a much slower process compared to desorption. The heat of sublimation, E sub , is shown in the inset as a function of metal coverage (cluster size). For higher coverages the heat of sublimation reaches the value of the bulk metal suggesting that the metal-metal interaction is dominant at the large cluster limit. The average sublimation energy for the larger Cu clusters [Cu/Al 2 O 3 /Mo (110)] is ∼323-349 kJ mol −1 , essentially the same as the bulk value, while for the smallest clusters this value is estimated to be ∼205 kJ mol −1 [54] . For Au/SiO 2 /Mo(110) the smallest clusters show an E sub of 168 kJ mol −1 compared to a bulk value of 378 kJ mol −1 [56] . In contrast to the behaviour observed for Au/SiO 2 system, Au/TiO 2 ( figure 20(c) ) shows a single desorption peak independent of the metal coverage. The leading edge analysis yields a Au substrate binding energy of 210 kJ mol −1 , a value much smaller than that observed on SiO 2 . The dramatic difference in the sublimation energy and its invariance with the metal coverage is likely due to the fact that Au evaporates preferentially from the periphery of the clusters (weakly bound at the interface due to the interaction with the substrate) and is a precursor to Au desorption. One disadvantage of measuring the adsorption energy using TPD is that the method yields a value for the sublimation energy at the desorption temperature (a relatively high surface temperature). Extracting information relevant to the lower surface temperature (reaction temperature) is not straightforward.
A more direct technique, microcalorimetry, been used recently by Campbell and coworkers [147] [148] [149] [150] for Pb, Ag and Cu clusters on MgO(100) and the Au/TiO 2 (110) system. This approach yields differential heats of adsorption of the metal with varying surface temperature. This group has been able to extract heats of adsorption as a function of cluster diameter as well. Using this technique in combination with LEIS the sintering of Au particles on TiO 2 (110) has been observed to begin at ∼400 K, yet requires >900 K for completion.
Size-dependent chemical reactivity
Acetylene cyclotrimerization on Pd/Al 2 O 3 and Pd n /MgO
The cyclotrimerization of acetylene to benzene on low index single-crystal Pd surfaces has been studied extensively due to the structure sensitivity of this reaction [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] . For example, the Pd(111) facet is very active, yielding ten times as much benzene as seen for Pd(100); the benzene yield is essentially zero for Pd(110) [159] . This unusual structure sensitivity has prompted researchers to look for particle size effects in high surface area catalysts and on supported Pd clusters of various sizes prepared on model Al 2 O 3 /Mo(110) thin films [63] . Figure 21 (a) shows TPD corresponding to benzene desorption (m/e = 78) as a function of Pd cluster size. These TPD data are similar to results from analogous low index singlecrystal data that show distinct cluster size effects. For the smallest clusters (∼1.5-2.0 nm, cf 0.5 MLE), benzene desorption occurs predominantly above 500 K, with very little low temperature benzene evolution. With an increase in the cluster size, the high temperature peak becomes smaller while the desorption feature at 230 K increases in intensity. Both the high and low temperature benzene desorption features have been observed for benzene on the Pd (111) surface, consistent with the reaction being desorption rate limiting. Benzene desorption near 370 K has not been observed on single crystals and has been attributed to defect sites. Taking into account the benzene-coverage-dependent TPD results from single crystals, the absence of a lower temperature desorption feature (230 K) for the smaller clusters has been explained as due to their enhanced curvatures and the absence of large 111 terraces. The high curvature and absence of 111 structures preclude the formation of an ordered, compressed overlayer of weakly bound benzene in the tilted configuration and favour the more strongly bound benzene, bonded parallel to the surface.
The idea of a 'template' effect on a hexagonal Pd(111) face requiring seven contiguous Pd atoms in a flat geometry for the production of a strongly bound benzene has been tested using mass-selected Pd clusters deposited on MgO thin film. This work suggests a minimum requirement of a seven-atom cluster for the synthesis of a strongly bound flat-lying benzene desorbing at higher temperature (T d ∼ 430 K). However, to relate this observation to a 'template' effect one has to assume that flat, seven-atom clusters form on the MgO surface in a hexagonal geometry. Figure 21(b) shows TPD data for benzene from Pd/MgO surfaces with varying cluster size (Pd n , 1 n 30) [160] . In each case, the total coverage of Pd is constant at 0.28%. It is noteworthy that these authors have observed the production of benzene even for a single Pd atom, though producing only weakly adsorbed (T d ∼ 300 K) benzene in the tilted configuration. Density functional calculations also show that a single Pd atom can be active for benzene production when bonded to an oxygen vacancy of the MgO substrate.
NO and CO reactions on Pd and Cu/Al
There has been considerable interest in identifying alternatives to expensive Pt/Rh catalysts used for three-way automobile exhaust gas conversion [161] [162] [163] [164] . CO and NO reaction studies on Pd and Cu single crystals have shown promising catalytic activity. Structure sensitivity has also been demonstrated [161] [162] [163] in high pressure CO + NO reactions over Pd (111) and Pd(100) implying a cluster size effect. In this section the results obtained for CO + NO reaction with respect to cluster size on model Pd and Cu/Al 2 O 3 catalysts will be discussed. 15 NO adsorption experiments were carried out on a Pd/Al 2 O 3 /Ta(110) model catalyst [46] with several different Pd loadings. Clusters were exposed to a background pressure of 1 × 10 −7 mbar 15 NO for 5 min at 550 K and then cooled to 350 K prior to 15 figure 22(a) ), a low temperature feature is observed at ∼520 K, along with a high temperature feature above 600 K. The desorption temperature of the low temperature feature is ∼70 K higher than on single crystals, consistent with the clusters having an increased concentration of strongly binding step/edge defect sites.
The spectra in figure 22(a) show enhancement of the low temperature N a (that recombines to N 2 or N 2 O) with increasing cluster size. The peak maximum in each set of spectra shifts to lower temperature with an increase in cluster size. This trend is consistent with smaller clusters with higher surface defect sites stabilizing N a to a greater extent than the large clusters. Arrhenius plots are shown in figure 23 for CO 2 production from a CO + NO reaction mixture for model oxide-supported Pd, single crystals of Pd and Pd/Al 2 O 3 powder catalysts. For the powder and model catalysts, a pronounced increase in activity is seen with an increase in cluster size or loading. The larger clusters display the characteristics of the close-packed 111 plane, consistent with the N 2 selectivity result.
The reaction of 15 NO with well characterized Cu clusters deposited on highly ordered Al 2 O 3 films has also been studied using TPD and HREELS [54] . Figure 24 shows that the 15 
CO oxidation on Pd/SiO 2 and Au/TiO 2
Oxidation of CO on transition metals both in the presence and absence of hydrogen in the gas mixture has been of great interest due to its technological importance in the area of automobile exhaust catalyst and in fuel cells [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] (in the preferential oxidation step for reducing CO x level up to few ppm from the hydrogen feed stream). These studies revealed very interesting cluster size effects with respect to the catalytic for certain catalysts. For example, CO oxidation has been studied over Pd/SiO 2 /Mo(100) model catalysts [176, 177] . The reaction conditions for the catalysts were 10 mbar CO and 5.0 mbar O 2 and reaction temperatures in the range 540-625 K. The conversions were maintained at less than 50% and were monitored using the pressure decrease in a static reactor of known volume (750 cm 3 ). Figure 25 shows Arrhenius plots of CO oxidation over three different model Pd/SiO 2 catalysts and a 5% loading of Pd on powdered SiO 2 . The average cluster sizes were estimated from CO-TPD, O 2 -TPD and ex situ STM/AFM measurements. The specific reaction rates were somewhat higher for the model catalysts than the high surface-area catalysts; however, the activation energies are remarkably similar. This is because in the case of high surface-area catalysts, reaction rates are measured for steady state conditions whereas initial reaction rates are used for model catalysts. These values can differ due to poisoning effects. There was no noticeable dependence of the CO 2 formation rate on the Pd cluster size, indicating that CO oxidation over Pd/SiO 2 is structure insensitive.
Interestingly, a significant correlation between the cluster size and catalytic activity has been observed for CO oxidation over the Au/TiO 2 system [12, 16, 47, 61, 62, 178] . Comparative studies have been carried out on Au/TiO 2 /Mo(100) and on Au/TiO 2 (110)-(1 × 1). Figures 26(a) and (b) show plots of CO oxidation activity (turnover frequency (TOF) = product molecules/total Au atoms s) at 350 K as a function of Au cluster size supported on TiO 2 (110) and TiO 2 /Mo(100) substrates. These results show similarities in the structure sensitivity of CO oxidation with a maximum activity evident around the average Au cluster size of ∼3 nm on both single-crystal as well as high surface-area [11] TiO 2 supports. The observed maximum with respect to cluster size has been related to a metal to nonmetal transition that occurs at cluster size of ∼3 nm. Although these catalysts exhibit a high activity for the low temperature CO oxidation, the catalysts are often rapidly deactivated. Using Au(0.25 ML)/TiO 2 /Mo(100) as a model system it has been seen that catalysts which exhibit a high initial activity deactivate after a CO + O 2 (1:5) reaction of ∼120 min at 40 mbar. This deactivation has been attributed to agglomeration of the Au clusters with reaction time and has been documented by detailed STM measurements [12, 16, 47, 61, 62, 178] . The STM data clearly show that under CO + O 2 reaction conditions the Au clusters Ostwald ripen; i.e., large clusters grow at the expanse of small ones, depending on the strength of the cluster-support interaction as well as the gas pressure.
Ethane hydrogenolysis
Extensive studies of ethane hydrogenolysis on various faces of a Ni single crystal have shown that the more open 100 is significantly more active compared to 111 [179, 180] and this has been explained as due to geometric [181] and electronic factors [182, 183] . Steric effects arise due to the variation in the Ni-Ni distance while the electronic factor has been associated with the position of the d band leading to different degrees of electron donation into the ethane anti-bonding orbital responsible for C-C bond scission. As expected from the singlecrystal results, dramatic particle size effects have been observed on Ni/SiO 2 model catalysts (figure 27) [180, [182] [183] [184] . The observed maximum in the CH 4 formation with respect to the initial increase in the average particle size has been understood as due to the increase in the relative nano-facet area ratio 100 / 111 within the particles [93] . Further support has been obtained from the infrared reflection absorption spectroscopy (IRAS) results of CO adsorption on Ni/SiO 2 model catalyst as a function of particle size. It has been shown that the total amount of bridge-bonded CO on the Ni clusters parallels the CH 4 formation rate with a change in metal cluster size. These results imply that an ensemble effect exists, i.e., only nickel clusters of a particular size possess the necessary chemical properties that lead to maximum activity [93] .
Conclusions and future perspective
It has been shown that it is possible to prepare ultra-thin oxide films with 'bulklike' structural, electronic and chemical properties similar to their bulk analogues. Using such ultra-thin oxide films as a support, model catalysts have been prepared. Indeed the use of thin metal oxide films as supports makes them suitable for ultra-high vacuum measurements, particularly STM and STS. Changes in the electronic structure as shown by core-level binding energy, band splitting, position of the Fermi level, valence-band dispersion etc with respect to the cluster size have been attributed to both initial and final state effects. More interestingly, a metal to nonmetal transition with respect to the cluster size has been observed by STS and valence band spectra. TEM, TPD and microcalorimetric measurements have provided very useful information regarding the particle morphology and metal support interaction strength. Using in situ STM, it has been shown that it is possible to do time-, temperature-and pressure-dependent studies on a cluster-to-cluster basis to provide valuable information regarding cluster growth and sintering kinetics. Size-dependent catalytic reactivity has been observed for a variety of industrially important systems. A critical comparison of acetylene cyclotrimerization on a single crystal of Pd, Pd/Al 2 O 3 and mass-selected Pd clusters gives some promising clues that will require parallel STM measurements. The CO + NO reaction has been found to be size dependent in terms of selectivity towards CO 2 , N 2 or N 2 O production. Finally, low temperature CO oxidation by O 2 has been found to have dramatic size dependence for the Au/TiO 2 system, the maximum rate occurring at the onset of the metal-nonmetal transition.
